Natural organic matter (NOM) is of concern in drinking water because it causes adverse aesthetic qualities such as taste, odour, and colour; impedes the performance of treatment processes; and decreases the effectiveness of oxidants and disinfectants while contributing to undesirable disinfection by-products. The effective removal of NOM during drinking water treatment requires a good understanding of its character. Because of its heterogeneity, NOM characterization necessitates the use of multiple analytical techniques. In this study, NOM in water samples from two drinking water treatment trains was characterized using liquid chromatography with organic carbon detection (LC-OCD), and fluorescence excitation-emission matrices (F-EEMs) with parallel factor analysis (PARAFAC). These characterization methods indicate that the raw and treated waters are dominated by humic substances. The results show that whereas the coagulation process for both plants may be optimized for the removal of bulk DOC, it is not likewise optimized for the removal of specific NOM fractions. A five component PARAFAC model was developed for the F-EEMs, three of which are humic-like, while two are protein-like. These PARAFAC components and the LC-OCD fractions represented effective tools for the performance evaluation of the two water treatment plants in terms of the removal of NOM fractions.
INTRODUCTION
Natural organic matter (NOM) is a heterogeneous mixture of compounds found abundantly in natural waters. NOM originates from living and dead plants, animals and microorganisms, and from the degradation products of these sources (Chow et al. ) . Because of its heterogeneity and complexity, it is not practical to characterize NOM in terms of all of its constituents; rather, it is commonly characterized into groups of compounds with similar physicochemical properties. NOM significantly affects water treatment processes such as coagulation, oxidation, adsorption, and membrane filtration. It affects drinking water quality by contributing to formation of potentially carcinogenic disinfection by-products (DBPs) (Sharp et al. ) , by promoting biological regrowth in the water distribution system and by contributing to colour, tastes and odours.
The extent to which NOM affects water treatment processes depends on its quantity and physicochemical characteristics.
It is now widely accepted that the efficiency of drinking water treatment is greatly influenced by the amount and character of NOM present in water. Consequently, many water treatment utilities monitor NOM in their source waters in order to optimize treatment processes. Typically, this optimization has been obtained using bulk water quality parameters such as dissolved organic carbon (DOC) and ultraviolet absorbance at a wavelength of 254 nm (UVA 254 ). Specific ultraviolet absorbance (SUVA) is another bulk parameter that has been used as a surrogate for NOM composition and reactivity (Weishaar ) . However, the use of these bulk parameters has limitations. Many waters may have NOM with similar DOC concentrations or UV 254 absorptivities but with different characteristics such as molecular weight and reactivity, resulting in different removal efficiencies during treatment.
A better understanding of its quantity as well as character is therefore required to improve the performance of treatment processes and to optimize the removal of NOM. The primary objective of this study was to characterize NOM in water samples taken across two drinking water treatment plants serving the suburbs of Paris. This was carried out in order to improve our understanding of the character of the NOM and its temporal variation in waters treated by the two plants. A secondary objective was to evaluate the performance of the treatment processes in terms of NOM removal. Samples were collected from the two treatment plants and analyzed using bulk water quality parameters as well as LC-OCD and F-EEM with PARAFAC.
MATERIALS AND METHODS

Sampling
Water samples were collected from two drinking water treat- Fluorescence intensities for all samples were measured, at ambient pH and at room temperature (20 ± 1 W C), using a 
RESULTS AND DISCUSSION
Variation of DOC and SUVA NM. The results show that whereas the mean DOC concentrations of the raw and product waters for CR were slightly higher than for NM, the difference in the DOC removal efficiencies for the two treatment trains were not statistically significant for any of the processes. For both plants, the maximum DOC concentrations of the raw and 
Raw water 2.7 ± 0.6 2.5 ± 0.5 2.5 ± 0.4 2.4 ± 0.5
Preozonated water 2.8 ± 0.6 1.9 ± 0.3
Settled water 2.1 ± 0.3 1.5 ± 0.4 1.9 ± 0.2 1.8 ± 0.3
Sand filtrated water 1.9 ± 0.4 1.6 ± 0.5 1.6 ± 0.3 1.9 ± 0.4
Ozonated water 1.8 ± 0.3 1.2 ± 0.6 1.6 ± 0. To further evaluate the performance of the two process trains in terms of NOM removal, LC-OCD data for a selection of sampling dates were examined in more detail. Since it removed the most DOC and is also a process that is routinely used to optimize DOC removal, the coagulation/ flocculation process was used for the evaluation. In order to achieve the treatment plants' objective of maintaining a TOC concentration of 2 mg L À1 in product water (there was no statistical difference between TOC and DOC for both plants), a calculated coagulant dose, which includes the raw water TOC as one of the parameters, is applied in both plants. As this objective was generally met on all the sampling dates for both plants, the performance was evaluated in terms of the removal efficiency of specific NOM fractions as measured by LC-OCD.
For the CR process train, the removal of LC-OCD fractions by coagulation/flocculation was evaluated for two cases in each of which three samples were selected:
(1) with similar raw water DOC concentrations and coagulant dosages ( Figure 5 (a)), and (2) with different raw water DOC concentrations and coagulant doses ( Figure 5(b) ).
For the first case, the selected samples had DOC concentrations of 2.3-2.6 mg L À1 and the applied coagulant doses ratio as the applied Al 2 (SO 4 ) 3 doses. As for May sample, which had a similar SUVA, significantly less building blocks were removed for April as for January sample, which had a higher SUVA. 
Fluorescence EEMs
Three main fluorescence intensity peaks were obtained for all samples from both CR and Neuilly process trains that were analyzed. These previously identified peaks were observed at the following excitation and emission wavelengths:
humic-like fluorescence (peak A) at 240-260 nm and 420-470 nm, respectively; fulvic-like fluorescence (peak C) at 300-340 nm and 400-450 nm respectively; and tryptophanlike fluorescence (peak T) at 240-280 nm and 300-360 nm, respectively. Figure 7 shows typical contour plots of FEEMs for raw and product water samples for CR and NM, respectively. In both cases, the fluorescence of the raw and treated waters was dominated by the humic-like peak
A. There was substantial reduction of all of the three fluorescence peaks across the two treatment process trains. The percentage reduction (relative to the raw water) of the three peaks across the treatment processes were similar for both plants: 55% after coagulation/flocculation; 85% after BAC filtration; and 86% after chlorination (final water). fluorescence. For NM, coagulation reduced F max for components C1, C2, C3 and C4 by 15-30%, which is substantially less than that for CR. The higher reduction for the latter may be due mainly to the preozonation, which is applied in CR but not in NM; this may also partly explain why the reduction by ozonation is higher for NM (∼60-80%) than for CR. The effect of ozonation is not intact removal of a component but rather quenching of its fluorescence.
CONCLUSIONS
Based on the characterization of NOM in water samples from CR and NM drinking water treatment plants using bulk NOM measurements, F-EEMs and LC-OCD, the following conclusions can be drawn from this study:
• Whereas the treated water DOC concentrations were relatively stable for both treatment plants, indicating the effectiveness of bulk DOC removal, the SUVA values were not as stable, indicating that the NOM character of the treated water is more variable.
• Fluorescence and LC-OCD measurements both showed that the raw water treated at the two water treatment plants is comprised mostly of humic substances. • For both treatment plants, the HMW fractions, comprising biopolymers and humic substances, were preferentially removed while the relative contribution of the low molecular weight fractions, comprising building blocks and neutrals, increased after treatment.
• LC-OCD results indicate that for both plants, the coagulation process is not optimized for the removal of specific NOM fractions.
• A five component PARAFAC model of F-EEMs for samples from the CR and NM drinking water treatment plants was developed, comprising three humic-like and two protein-like substances (components).
• The fluorescence of samples from both treatment plants was dominated by terrestrial humic-like components, C1 and C2.
• The modelled PARAFAC components and the LC-OCD fractions demonstrated the effectiveness of these tools for the performance evaluation of the two water treatment plants in terms of the removal of NOM fractions.
